To investigate left/right asymmetries in cerebral gare mechanisms, eye deviation was evaluated in 90 patients following intracarotid sodium amylobarbitone injections. For right-handed subjects with left cerebral language dominance, the occurrence and severity of eye deviation were greater for right versus left hemisphere injections. In contrast, subjects with mixed cerebral dominance for language/handedness exhibited no left/right difference in the incidence of eye deviation. The results are consistent with right cerebral dominance for attentional/intentional mechanisms directed at external space. Further analysis suggests that the cerebral asymmetry for gaze may be due to an evolutionary loss of attentional/intentional mechanisms by the left cerebral hemisphere as language function developed.
INTRODUCTION
Although the oculomotor system encompasses a distributed network whose intrinsic organization is one of the most complex of neural subsystems, the relationship between unilateral cerebral lesions and conjugate lateral gaze has been well demonstrated through a variety of investigations employing clinicopathological correlations and stimulation and/or lesioning techniques (Bizzi et al., 1971; Bender, 1980) . When the effects of the two cerebral hemispheres are equally balanced, the eyes and head are directed straight ahead. Voluntary activation or electrical stimulation of one cerebral hemisphere produces turning of the eyes and head towards contralateral hemispace. Conversely, a lesion of one cerebral hemisphere typically produces eye and head turning toward ipsilateral hemispace. Since the effects of the two cerebral hemispheres are balanced when the eyes are in the primary position, the ipsilateral conjugate gaze deviation associated with unilateral cerebral hemisphere lesions reflects a deficit in the ipsilateral supranuclear gaze mechanisms. This phenomenon was initially reported by Andral (1834) and first investigated systematically by Prevost (1868) . The clinicopathological study of 51 patients by Prevost remains the largest autopsy-verified series. In addition, he confirmed his clinical observations with animal experiments that employed lesioning by direct cerebral trauma or by intracarotid injections of emulsified tobacco.
Despite numerous subsequent investigations, a left/right cerebral asymmetry for gaze mechanisms was not noted until 1982 when De Renzi et al. (1982) reported that gaze paresis was more frequent (72/120), severe and persistent in patients with right cerebral lesions. They postulated that the left/right gaze differences were due to an asymmetric anatomical distribution of the oculomotor system in the two hemispheres, with the system represented more diffusely on the left and more focally on the right. However, these conclusions were based on clinical data, and the majority of cases had neither radiological nor pathological verification of lesion distribution. Mohr et al. (1984) also reported a right cerebral predominance for gaze paresis in 531 cases of hemisphere stroke, but an asymmetric left/right distribution of deep lesions precluded firm conclusions concerning left/right hemisphere mechanisms.
Accumulating evidence suggests a specialized role for the right hemisphere in attentional and intentional mechanisms directed toward external space (Heilman and Valenstein, 1979; Mesulam, 1981; Heilman et al., 1985a) . Intentional mechanisms refer to the neural systems which prepare and direct motor responses. Electrophysiological and positron emission tomographic studies have demonstrated that the right cerebral hemisphere exhibits greater activation than the left during tasks requiring direct sensory attention (Desmedt, 1977; Heilman and Van Den Abell, 1980; Reivich et al, 1983) . In addition, while the left cerebral hemisphere attends primarily to right hemispace, the right cerebral hemisphere attends to both sides (Heilman and Van Den Abell, 1980; Reivich et al., 1983; Weintraub and Mesulam, 1987) . A similar right brain advantage has been shown in reaction time studies (Heilman and Van Den Abell, 1979) . Finally, hemi-inattention, hemispatial neglect and hypokinesia appear to be more common following right than left cerebral lesions (Costa et al., 1969; De Renzi et al., 1970; Faglioni et al., 1971; Gainotti et al., 1972 : Albert, 1973 Oxbury et al., 1974; Colombo et al., 1976; Denes et al., 1982; Heilman et al., 19856) . Based on these data, we present an alternative hypothesis to the anatomical postulate of De Renzi. We propose that a functional asymmetry for attentional/intentional systems exists such that the right cerebral hemisphere may direct the eyes towards either hemispace, while the left cerebral hemisphere is limited in its capacity to direct the eyes ipsilaterally.
In the present study, we investigated prospectively the left/right incidence of gaze paresis during the intracarotid sodium amytal (ISA or Wada) procedure (Wada, 1949; Branch et al., 1964) . A short acting barbiturate, sodium amylobarbitone, was injected sequentially into each internal carotid artery to anaesthetize transiently the left and right cerebral hemispheres independently. This technique is employed clinically to determine cerebral dominance for language. For the present study, ISA offers the advantage of matching left and right brain lesions while studying the effects of transient cerebral dysfunction in each hemisphere of each individual. If De Renzi's hypothesis of anatomical distribution is correct, then there should be no difference in gaze paresis between the right and left ISA injections. However, if our functional postulate is correct, there should be an asymmetry of gaze paralysis.
METHODS
Ninety patients with intractable epilepsy underwent the ISA procedure as part of their preoperative evaluation for epilepsy surgery. Demographic data are depicted in Table 1 . Handedness was determined by the Benton Handedness Inventory (Benton et al., 1962) . Seizure focus was determined by multiple scalp, sphenoidal, and/or intracerebral electroencephalographic ictal recordings. Injections were administered via a catheter following a transfemoral approach. ISA dosages were determined on an individual basis. All patients received incremental injections of sodium amytal (initial dosage 50-75 mg, 25 mg increments) necessary to produce a contralateral flaccid hemiplegia. Mean left hemisphere dosage was 106 mg (SD 42.1) and mean right hemisphere dosage 101 mg (SD 36.6). Injections were administered by hand over a 4 s interval, and the order of injection was alternated sequentially. Left and right ISAs and arteriograms were performed on the same day. Patients were retested before the second injection to ensure return to baseline. All sessions were videotaped. Patients were tested in the supine position. The primary examiner stood directly above the head of the angiography fable. Assistants stood to the left and right of the table. At the start of the test, the patient held his arms straight up with the hands supinated and fingers extended. He/she was instructed to look straight ahead and count repeatedly from 1 to 20. The ISA injection was then administered. At the onset of flaccid hemiplegia, patients were instructed to stop counting if speech arrest had not occurred. Observations were then made for the presence of spontaneous, tonic (i.e., 2 s) eye deviations from the midline. Examiners to the left and right of the angiography table called for the patient to look towards the contralateral and then the ipsilateral side. (Patients were instructed before the ISA injection in the procedure of looking to the left and right on command.) Next, the response to a simple command (i.e., touch your nose) was assessed. Real objects and abstract figures were presented for subsequent postrecovery recall. Evaluation then continued with tests of language, spatial abilities, strength and sensation during the duration of ISA effect. Cerebral dominance for propositional language was determined based on speech arrest, comprehension, repetition and naming.
The second half of the series (i.e., 45 patients) was also rated (0-3) for severity of eye deviation. The severity ratings were made according to the following scale: 0 = no deviation; 1 = transient eye deviation of less than 10 s (without head deviation); 2 = eye deviation of 10-30 s duration (±head deviation); 3 = sustained eye deviation greater than 30 s (usually with associated head deviation). Final ratings required the agreement of the 3 observers. Any disagreements were reviewed on videotape to reach a unanimous rating.
Arteriograms were obtained and subsequently evaluated for crossflow by a neuroradiologist blinded to the ISA results. Arteriograms were performed using Medrod Mark IV pressured injections into the intracarotid arteries via a catheter following a transfemoral approach. Even though mechanical pressured injections are more likely to produce crossflow than the slower low pressure hand injections used for the ISA procedure, arteriograms were analysed for severity of crossflow in order to exclude any contribution of crossflow to the observed left/right differences in gaze paresis. Arteriograms were rated (0-3) for the presence and persistence of crossflow in the anterior, middle and posterior cerebral artery distributions.
RESULTS
When gaze deviation occurred, the eyes moved conjugately towards the ipsilateral side in almost every case. The deviation was tonic and associated with the development of hemiplegia. Following left ISA, patients usually did not respond to command and exhibited few spontaneous saccades immediately postinjection. Following right ISA, patients were able to perform pursuit and saccade manoeuvres on command but were frequently unable to direct gaze volitionally past the midline. Since aphasia interfered with testing of eye movements to command following left ISA, we chose to limit our analysis to the left/right ISA difference in spontaneous tonic eye deviation. The raw data are presented in the figure and Tables. After left ISA, 32% of the patients exhibited ipsilateral gaze deviation and 100% exhibited some language dysfunction. After right ISA, 60% had gaze deviation and 17% had language deficits. In the group with greatest cerebral lateralization (i.e., dextrals with left language dominance), 26% exhibited ipsilateral eye deviation after left ISA and 61% after right ISA. In the group with mixed cerebral dominance, 55% exhibited ipsilateral gaze deviation after left ISA and 55% after right ISA.
A sign test was run on the 49 patients who exhibited a gaze paresis after one injection but not the other. Gaze paresis was more frequent after the right injection (P < 0.0002). This effect was even more marked (P ^ 0.00006) when the analysis was limited to dextrals with left language dominance. Cerebral lateralization significantly affected ISA gaze results (x 2 (3) = 7.66, P ^ 0.05). In fact, subjects with mixed cerebral dominance for handedness and/or language exhibited no difference in the incidence of eye gaze deviation following left and right ISA injections. A sign test was also run on the subset of 45 patients with severity scores. Gaze paresis was significantly more severe after right versus left ISA injections (P 0 .001). In addition, the magnitude of change in severity between the left and right injections was larger towards the right. As reflected in the rating scores, the duration of deviation was longer after right ISA. In some cases (almost always after right ISA), the duration of the eye deviation was prolonged for several minutes (e.g., the longest duration was greater than 9 min). In these patients, the deviation required presentation of test stimuli in the extreme right visual field. X 2 analyses failed to reveal any effects on gaze paresis for side of seizure focus ix 2 (4) = 2.94, n.s.), order of injection Oc 2 (4) = 2.00, n.s.), dosage (left ISA: x 2 = 4.32, n.s.; right ISA: x 2 (6) = 4.81, n.s.) or sex (x 2 (4) = 0.76, n.s.). The Wilcoxon matched-pairs signed-ranks test was used to analyse for left/right differences in crossflow on cerebral angiography. No significant left/right differences were found for anterior (z = 1.09, P ^ 0.28, n.s.), middle (z = 0.23, P ^ 0.82, n.s.), posterior (z = 0.13, P < 0.90, n.s.) or total hemisphere circulation (z = 1.20, P ^ 0.23, n.s.). 
DISCUSSION
A left/right brain asymmetry in gaze mechanisms is demonstrated with the incidence and severity of gaze paresis being greater for right cerebral dysfunction. The results cannot be explained by side of seizure focus or the effects of crossflow. The findings support a hypothesis of a functional asymmetry in gaze mechanisms between the left and right brain. As noted previously, the ipsilateral conjugate eye deviation associated with unilateral cerebral hemisphere dysfunction reflects an input deficit of the ipsilateral supranuclear gaze mechanisms to the control of gaze direction. To some extent, the intact cerebral hemisphere can direct gaze in both directions as evidenced by the preservation of horizontal saccades following unilateral cerebral lesions (Lesser et al., 1985) . In the present study, input from the intact left cerebral hemisphere did not overcome the effects of right ISA on gaze as well as the intact right brain compensated during left ISA. It therefore appears that the right brain has a greater capacity to direct the eyes towards either hemispace than the left brain which appears limited in its ability to direct the eyes ipsilaterally. Although eye gaze is largely a motor phenomenon and reflects mainly intentional mechanisms, we have also found a similar left/right ISA asymmetry for tactile extinction (Meador et al., 1988) . Further, attentional and intentional mechanisms are separable but function interactively (Goldberg and Segraves, 1987) . We therefore postulate that the gaze asymmetry is due to right cerebral dominance for attentional/intentional mechanisms directed at external space.
The present experiment was conducted during a clinical study whose primary function is to assess lateralization of language. Thus the ISA procedure is routinely performed with the patient initially counting. Could the verbal task influence gaze orientation (Kinsbourne, 1972) ? The effect of a verbal task on gaze orientation is subtle and may be abolished if subjects are asked to hold central fixation, or if they are confronted by the experimenter or his voice (Kinsbourne ; 1974) . In the present study, the verbal task may have initially facilitated eye deviation, but this influence cannot explain the persistence of the deviation after cessation of counting (when our observations were made) and during nonverbal tasks. Further, it does not explain the severe longer lasting gaze paresis seen after right ISA, in which patients could not gaze left past the midline on command.
The difference in gaze paresis between the group with greatest cerebral lateralization (i.e., dextrals with left cerebral language) and those with mixed cerebral dominance, is noteworthy. The cerebral asymmetry for gaze paresis was present only for dextrals with left language dominance, suggesting a relationship of cerebral lateralization to gaze mechanisms. Hemisphere asymmetry of complex behavioural functions is a fundamental aspect of human cerebral evolution (Mesulam, 1985) . The left hemisphere is specialized for language and praxis, while the right hemisphere is specialized for complex visuospatial perceptual tasks, some aspects of emotional behaviour and the spatial distribution of attention and intention (Heilman and Valenstein, 1985) . At least two hypotheses concerning the development of the right hemisphere specializations are possible (Mesulam, 1985) . According to the first, the specialized nonlinguistic functions of the right brain were initially equally distributed between the two hemispheres, but during subsequent development of language, the left brain's nonlinguistic abilities were reduced. Thus the right brain specializations appeared secondary to the reduced capacity of the left. Since the left brain retains some of its prior functions, this hypothesis predicts that left brain lesions would disrupt nonlinguistic functions to a greater degree than equivalent lesions of the right brain would impair language. According to the alternative hypothesis, the right brain specializations represent emergent functions which evolved simultaneously with left cerebral language. This hypothesis predicts that left brain lesions would disrupt nonlinguistic functions to approximately the same degree that right brain lesions impair language.
Evidence to resolve the two hypotheses has been lacking because of difficulties in matching left/right lesions and in avoiding covert linguistic mediation of the 'right brain' task (Mesulam, 1985) . The present study addresses these issues and allows a direct comparison of linguistic and intentional deficits. Left ISA produced gaze deviations more frequently than right ISA produced language deficits. This effect was more pronounced in the group with greatest cerebral lateralization (i.e., dextrals with left language dominance). Further, the occurrence of gaze deviation after either left or right ISA in subjects with mixed cerebral dominance is comparable to the occurrence after right but not left ISA in dextral subjects with left cerebral language dominance.
The results suggest that the role of the left brain in directed spatial attention/ intention diminished as it evolved language specialization. Thus eye gaze asymmetry in the present study appears to be secondary to the left brain's reduced capacity to direct the eyes ipsilaterally. Whether more complex nonlinguistic functions of the right brain developed by a similar process or by emergent evolution is uncertain.
